H ow and where are virus particles assembled in an infected cell? To address this question, virologists are studying retroviruses and lentiviruses, enveloped viruses that contain RNA as their genetic material. The only viral protein that is needed to make a virus-like particle is the Gag protein (1, 2) . In the lentivirus HIV-1, Gag is synthesized as a cytosolic 55-kDa precursor (Pr55gag) that contains four domains: p17 matrix (MA), p24 capsid (CA), p7 nucleocapsid (NC), and p6 (Fig. 1A) . The newly synthesized Gag precursor targets to the plasma membrane in most cells, where it multimerizes by means of its CA and NC domains into large arrays that direct particle assembly and budding. How does HIV-1 Gag associate with cellular membranes? The membrane-binding (M) domain maps to the N-terminal region of MA. For the M domain to function, it must be covalently modified at its N terminus by myristate, a 14-carbon saturated fatty acid (3) . Nearly all mammalian retroviral Gag proteins are myristoylated (4). However, myristoylation alone is not sufficient to promote stable membrane binding of proteins (5, 6) . A second signal, which in the case of HIV-1 Gag is a cluster of basic residues within the M domain, synergizes with myristate to promote tight membrane binding (7) . Structural studies of nonmyristoylated forms of MA have revealed that part of the M domain forms an amphipathic ␤-pleated sheet, with the basic residues oriented on the top surface (8) (9) (10) . Here they would be positioned to interact electrostatically with negatively charged headgroups of acidic phospholipids in the membrane. But where is the myristate? The article by Tang et al. in this issue of PNAS (11) now provides structural information for myrMA that reveals how the multimerization state of Gag regulates the orientation of the myristate moiety and Gag membrane binding during the virus life cycle.
As the virion matures, Gag is cleaved by the viral protease to generate mature cleavage products. Despite the fact that both Gag and MA are efficiently myristoylated, their membrane-binding properties are quite different: the Gag precursor binds well to membranes, whereas MA binds poorly (12) . To explain the differential membrane binding of MA and Gag, it was proposed that accessibility of the myristate moiety is regulated by a ''myristoyl switch'' mechanism: myristate would be exposed in Gag but sequestered in the context of MA (12) . Biochemical support for the myristoyl switch as a mechanism for regulation of Gag membrane binding has accumulated in the literature. For example, C-terminal truncations restore membrane binding to MA, presumably by flipping myristate ''out'' (12, 13) . Conversely, cleavage of Gag by HIV-1 protease triggers the myristoyl switch ''in,'' thereby releasing MA from the membrane (14) . Amino acid mutations near the N terminus of MA that block membrane binding can be suppressed by second site mutations downstream in MA (15, 16) . Some of these mutants exhibit enhanced membrane binding and particle production compared with wildtype Gag (15, 17) . All of these studies are consistent with the existence of a myristoyl switch for HIV-1 Gag, but until now confirmation from structural biology studies was lacking.
The new study by Tang 
Chemical-shift data indicate that only a few residues, primarily Ser-9, Gly-10, and Gly-11, have altered conformations in the myr(e) vs. myr(s) states. In fact, mutation of these or adjacent residues has previously been shown to reduce Gag membrane binding, implying that this region is responsible for regulating the myristoyl switch.
The second unique feature of the myrMA structure is the mode of regulation of the myristoyl switch. Sedimentation equilibrium studies revealed that myrMA exists in an equilibrium between monomeric and trimeric states. This is consistent with previous crystal structures of non-myrMA that have yielded both monomers and trimers. The striking finding reported here is that the monomer is in the myr(s) state, whereas the trimer is in the myr(e) state, implying that multimerization promotes exposure of the myristate (Fig.  1B) . One would therefore predict that addition of the CA domain, which contains additional multimerization signals, should promote myristate exposure at lower protein concentrations than myrMA. This is exactly what Tang et al. (11) found. The monomer 7 trimer equilibrium constant is 20 times higher for myrMA-CA than for myrMA. Thus, we can conclude that Gag-Gag interactions drive an entropic switch that shifts the myr(s) 7 myr(e) equilibrium toward the myr(e) state.
How is the myristoyl switch regulated during the HIV-1 life cycle? Consider the late stages of infection, where the nascent Gag polypeptide chain needs to have myristate exposed to bind to the plasma membrane and promote assembly (Fig. 2) . At least two forces could (11) . Note that Ϸ40% of the myristate moiety remains exposed in the myr(s) state.
provide the impetus for multimerization. Tethering Gag to the viral RNA template by means of the NC domain would serve to increase Gag-Gag interactions. In addition, association of Gag with lipid raft-like domains would increase the local protein concentration in the plane of the lipid bilayer and promote further multimerization (21, 22) . Gag oligomers would then direct particle assembly at the membrane. During or shortly after virion release, the viral protease is activated, and Gag is cleaved into its mature domain substituents. The cramped quarters of the virus particle maintain MA in a high concentration (estimates range from 2 to 14 mM) and thereby likely keep it in a membranebound trimeric state (11, 14) . However, once the virus infects a new cell, the contents of the particle are exposed to and diluted by the infected cell cytosol. As a result, myrMA shifts to the myr(s) state and is released from the membrane (Fig. 2) .
The Tang et al. (11) study provides an elegant example of how a single viral protein can accomplish so much with so little. It explains how multimerization can enhance the efficiency of membrane binding and how maturation by proteolytic cleavage can cause release from the membrane by reversing the myristoyl switch. Yet a number of questions still remain: (i) When and where does multimerization of nascent Gag polypeptides begin, in the cytosol or at the membrane? Electron microscopy and biochemical studies suggest that newly synthesized Gag is present in small cytosolic complexes and that large-scale multimerization occurs at the membrane (23, 24) . These data imply that newly synthesized Gag exists in the cytosol in a myr(s) state or perhaps as a small micelle of myr(e) Gag multimers. (ii) How does the orientation of myristate and the Gag domains change when cellular membranes are present? Ten of the 14 methylene groups of myristate typically penetrate into the lipid bilayer (5), so myr-myr interactions may be altered when Gag is membrane-bound. (iii) Will the structure of full-length myristoylated Pr55Gag, when it is ultimately solved, yield additional surprises? (iv) Are other retroviral and lentiviral Gag proteins also regulated by an entropic myristoyl switch? (v) Approximately 0.5% of all proteins in the human genome are myristoylated (25) . Thus, are there cellular myristoylated proteins whose membrane binding may be regulated by an entropic switch? Further biochemical and structural studies should shed light on these issues. 
